T HE ELECTROCARDIOGRAM
Of SIlld animals is of interest for problems of conductivity, time relationships between heart rate and the various intervals of the cycle, and physiological correlations to body temperature and metabolic rate, but the literature is extremely small. Buchanan (I) found a P-R internal of .04 second in the dormouse, using a capillary electrometer. Agduhr and Stenstrijm (2) as well as Lombard (3) found no discernible T wave in the electrocardiogram of mice and other small mammals. While O'Bryant, et al. (4) give measurements for the T wave in the mouse electrocardiogram, the published tracings do not show clearly discernible T waves. The absence of a T wave in the mouse electrocardiogram is an intriguing problem. Lombard (3) suggested that this might be due to prolonged repolarization, but did not consider other possible mechanisms.
No heart sounds on mice have yet been published although the relationship between mechanical and electrical systole at heart rates as high as 6oo/min. is of importance for the general validity of formulations suggested for a much lower range of h.eart rates.
METHOD
Mice were placed on their backs and fixed to a board with small strips of adhesive tape attached to the legs. Needle electrodes were placed just under the skin. Three standard leads and four precordial leads (VI, VE, V2 and V6) were taken in all animals, but additional unipolar leads were taken from many other positions for exploratory purposes. Records were made by means of a Sanborn Stethocardiette, with a speed of the photographic paper at 75 mm/set. and a sensitivity of 2 cm deflection for I mv input.
Simultaneous phonocardiograms were obtained from a shaved area of the chest. In a study of the effects of cold, the animal was lightly anesthetized with ether, in order to prevent This was placed in the tip of a fine plastic catheter, with lead wires running through the length of the catheter to the bridge. The tip of the catheter was then advanced a few millimeters into the rectum.
The bridge was calibrated to record temperatures from 27-40°C with an error of about O.OIOC within this range.
In order to vary the temperature of the newborn mouse, a wooden box (IO x IO x 4 inches) was constructed, with one side covered with glass to permit a view of the interior.
Six light bulbs of 15 watts were connected around the inside walls of the box to provide a source of heat. The mouse was taped down inside the box and ECG and thermistor leads were led through a hole in the wall. Temperatures inside the box were recorded through a mercury thermometer.
RESULTS

AND DISCUSSION
Absence of T Wave. Like other authors (2, 3), we were not able to find any characteristic T waves in the electrocardiogram of IO normal adult mice with heart rates ranging from 540-Tzo/min. Figure I shows one typical example. The possibility that a T wave was present in another plane was excluded by taking unipolar leads from many other positions. However, on the downstroke of the R wave in lead I, II, III, on VF, VE and VS, and on the upstroke of the S wave in a VR, there is a marked notch, generally of lesser amplitude than the R wave. It is noted that slowing of the movement of the string starts with this notch, which then subsides to the base line. This notch is present in all leads. In the precordial lead over the xiphoid process, in the example of figure I, but not always, it is even higher than the R wave. over the largest part of the body surface. As mentioned already, no distinct T wave could be found in any location. Also, in case of an equiphasic QRS complex the T wave may be nearly isoelectric, since the slower repolarization of segments of opposite polarity may overlap over a much greater interval of time, while the faster depolarization of the two different segments is separated. However, a separate T wave was missing in tracings with essentially monophasic QRS as well as in tracings with diphasic QRS.
The presence of a notch as normal feature of in each fiber, that depolarization and repolarization overlap to a greater extent than in larger animals. In other words, repolarization starts in some parts of the heart before the depolarization is complete in other parts. There is, therefore, no measurable S-T segment, but one might postulate and even measure a negative S-T segment from projections of the descending limb of the R wave above the notch, and the ascending limb of the notch, to the baseline.
This assumption is strongly supported by Rotschuh's (5) investigation of monophasic action currents in man, rabbit and rat. The duration of excitation decreases sharply in this order. The monophasic action current of the rat shows a sharp peak, as contrasted to the slow decrease or plateau in larger animals.
For a more direct experimental proof, we expected that by slowing down the heart rate, the notch might become more clearly separated from the QRS complex. We also hoped that it might be possible to change the direction of the notch by procedures which invert the T waves in larger animals.
Experimental Variables. a) Cold- Figure   I due to a differential effect on different parts of shows the effects of ether and cold on the electhe heart. It is possible that in the small heart trocardiogram of an adult mouse. Ten animals of the mouse the effect of anoxia is more uniwere subjected to this procedure and this figure form. is a representative sample.
Comparison of the ECG of Guinea Pig,
Here the rate has been slowed from 630/ Rat and Mouse. For the question of the T min. to 4zo/min. The notch of the ventricular wave, comparison of the electrocardiogram of complex has become separated from the QRS, the guinea pig, rat and mouse is of interest with the string reaching the isoelectric line ( fig. 2 ). The guinea pig shows a definite S-T between the two peaks. Although the separasegment, while the electrocardiogram of the tion of the peaks was definitely more distinct, rat has an intermediate position between that it was not possible to produce a measurable of the guinea pig and that of the mouse. The S-T segment in the adult mouse by use of cold electrocardiogram of the rat is similar to that alone. It is of interest that the amplitude of all of the mouse under effect of ether and cold waves increased during exposure to cold.
( fig. I ). In the mouse, the T wave occurs on b) HypoxiaThe production of hypoxia by the downstroke of the R wave, that is, repolariopening the chest under ether anesthesia prozation has begun before depolarization is comduced a profound drop in heart rate with great plete. increase of the P-R interval up to the point of In the rat, depolarization and repolarization complete heart block. The second wave of the are nearly, but not quite, separated.
In the ventricular complex did not become inverted guinea pig, depolarization and repolarization but became separated from the first wave, are completely separated. In fact, the electrosimi.lar to the effect of cold in figure I . The cardiogram of the guinea pig is identical in It will be discussed in a separate paper. c) Potassitim-Hyperpotassemia produced marked changes. Figure I (third row) shows the effect of an injection of I cc of 2% KC1 into the peritoneum of a mouse already showing the effects of ether anesthesia and cold. The rate drops from qao/min. to 18u. The P-R interval increases from 0.07 to about 0.14 and the second wave of the ventricular complex is heightened out of proportion to the R wave in lead II. This supports the view that the second wave is a T wave, since increase of the T wave is a known effect of hyperpotassemia. Similar effects were found in animals not subjected to anesthesia and cold. It should be noted that in lead III a definite S-T segment (elevated) has developed.
The failure to invert the direction of the T wave in anoxia is not necessarily a contradiction to our hypothesis. The inversion of the T wave in larger animals and man in anoxia is pattern with that of man, with a rather uniform shortening of all intervals. The differences between the species are not due to the differences of the heart rates alone, since in the mouse a separation of depolarization and repolarization does not occur at a heart rate of goo/min.
A different duration of the excited state (5) in the different species is the more likely explanation.
Newborn Mice. The evolution of the ECG of the mouse as it develops from birth is also of interest for the problem of the T wave.
The record of a newborn mouse without special attention to temperature is strikingly different from that of the adult. Records taken from IO different mice ( gm. The second wave gradually diminishes in amplitude and duration until it appears to be represented merely by a slurring of the downstroke of the R wave, so that the record takes on adult characteristics.
Since smaller animals generally have a more rapid heart rate than larger animals, it was surprising to find that a newborn mouse of 1.5 gm has a heart rate less than half that of an adult mouse 20 times its weight. This slow rate with prolonged P-R and Q-T was found, however, to be due to the loss of heat from hairless body of the newborn mouse. While the rectal temperature of adult mice averaged about 37OC, that of the newborn under room temperature conditions ranged from 27-29°C and followed changes in room temperature closely. ECG's of three littermates were recorded at intervals from birth up to the age of 20 days. These show a profound change at the age of about 6 or 7 days, as illustrated in figure 3 , when the animal is showing early hair development. At about this time the rate increases markedly and the P-R interval diminishes. Figure 3 shows records of lead II from a white mouse at the age of 2,6, 12 and 20 days during which time its weight increased from q-10 Serial ECG's were recorded on 6 newborn mice (2 litters) while their rectal temperatures were raised from about 2 7'C to the adult level of 37OC and then returned to 27'C. Figure 4 and table 2 illustrate the result. There is a steady increase in heart rate with increasing temperature until at the adult temperature the rate is roughly that of the adult animal. As body temperature is increased there is a progressive diminution in amplitude of all waves, along with shortening of the P-R and Q-T interval to the adult values. However, the large T wave still dominates the QRST complex, so that the record is not identical with that of the adult. As the animal's temperature is returned to its previous level, the ECG returns to the newborn pattern in all respects, While the ECG pattern of the newborn mouse leaves little doubt as to the identity of the second wave as a T wave, this is due to its greater duration, and not to a better separation in the beginning.
It starts on the down grade limb of the R wave, similar to that of the adult mouse. It seems, therefore, that the duration of excitation in each fiber is also very short in the newborn mouse, so that repolarization develops before depolarization is complete, but that repolarization is slower.
Phonocardiograms. In an attempt to relate mechanical and electrical events, simultaneously recorded phonocardiograms and ECG's were studied in the mouse. Figure 5 shows such a record obtained from a mouse under ether anesthesia, with a heart rate of 4oS/min. The first heart sound occurs about .OI~ second after the beginning of the R wave, and amplitude, jus second t before heart sou the onset nd of of the smaller P wave and newborn mouse under normal conditions.
It is known that the P-R interval varies of the next cycle. This relationship is slightly inversely with the heart rate and this is borne altered when the heart rate is reduced to about out by the present study ( fig. 8) . The QRS half the rate (zbo/min.)
by cooling the animal interval in the adult mouse is about 0.01 terval to 0.14 second in conditions of cold or anoxia, is extreme in view of the small object and short distances involved. It must represent nearly exclusively delay of conduction-in the A-V node. Table I shows the mean values and standard deviations of various intervals in the adult with ice. The second sound now is synchronous with the P wave of the next cycle. Figure 6 shows another example of heart sound recordmg.
Time Relationships. Figure 7 shows a plot of the Q-T interval versus heart rate. The values of adult and newborn mice, rats and guinea pigs follow reasonably well a linear relationship, which extends also to the experiments with slow heart rates under hypoxia. In small animals, therefore, the Bazett (6) formula (Q-T = KdR-R)
does not seem to express the best fit for the relationship between Q-T interval and heart rate. In the graph of figure 7 , the Q-T interval in mice and rats was measured from the beginning of the QRS complex to the end of the notch on the descending limb. The good correlation is further evidence for the hypothesis that this notch is the T wave, since the values from guinea pigs with a distinct T wave follow the same trend. On the other hand, the values for the Q-T interval in the experiments with cold -and papaverine fall outside the linear relationship. These conditions affect the heart rate to a greater extent than the Q-T interval. Figure 8 shows the increase of the P-R interval with the cycle length, which follows a curvilinear, approximately logarithmic relationship.
The scatter diagram includes all experiments.
The prolongation of the P-R in- Heart rclte/min. crease with the slower heart rate. It is of interest that the increase of the mechanical systole duration is proportionately greater than that of the electrical systole (Q-T), and comparable to the increase of the P-R interval. The latent period (L.P.), measured as the interval between beginning of the QRS deflection and first heart sound, also shows marked prolongation with slowing of the heart rate.
SUMMARY
The electrocardiogram of adult mice does not show a distinct T wave in leads from any part of the body surface, but the terminal segment of the QRS complex is notched. Slowing down of the heart rate from about 600 to approximately 200 beats/min., by cooling the animal or hypoxia, separates the notch into a distinct wave, although no definite S-T segment is produced.
Potassium administration increases the amplitude of the notch. It is assumed that the notch represents the T wave, and that depolarization and repolarization overlap due to the short duration of excitation.
The QRS duration measured from the beginning of the QRS complex to the notch (0.01 second) is long enough to be accounted for by muscular conduction alone, but when measured to the end of the notch it is far too long (0.08 second) to be accounted for on this basis. There is an approximately linear relationship between the Q-T intervals, measured from beginning of the QRS deflection to the end of the notch, and the heart rates of newborn and adult mice, rats and guinea pigs. The values of KQBT, calculated according to Bazett's formula, fall far outside the range for man. Comparison of the ECG of mice, rats, and guinea pigs shows a transition from a notched QRS to a separate T wave. The ECG of newborn mice, taken at room temperature, shows a slower heart rate and a more distinct T wave than that of adult mice. The slower heart rate is due to the lower body temperature; warming the animal increases the heart rate, and the ECG approaches the pattern of adult mice. The first heart sound in adult mice occurs about o.oq second after the beginning of the QRS complex, and the second just before the onset of the P wave. Decrease of the heart rate by various agents lengthens all intervals (P-R, QRS, latent period, Q-T and mechanical systole duration, measured as interval between the first and second heart sound). However, the lengthening of the mechanical systole far exceeds that of the Q-T interval.
